The lattice parameter change of SiC in TRISO particles prepared by chemical vapour deposition (CVD) was measured using high temperature X-ray diffraction, across a temperature range of 25 to 1400°C. Al 2 O 3 was used as the internal standard and the SiC temperature corrections were calibrated using its two independent lattice parameter values along the a-and c-axes. Experimental unit cell values of SiC at low temperatures corresponded well with those published in previous literature, but deviated systematically at higher temperatures. Thermal expansion coefficients of the CVD prepared SiC shell material are considered the most accurate and follow a linear trend with increasing temperature (α 11 = 2.7706 x 10 -9 T + 3.3048 x 10 -6 K -1 ). The TRISO particles are described best using non-linear expansion coefficients. Apparent is the deviation in the SiC lattice constants of the shell material and the TRISO particles from which it originated. This could indicate a residual strain in the TRISO particles or a difference in sample displacement between the TRISO particles and the surrounding alumina standard. The room temperature lattice constant for the shell material is 4.36030Å (SD 0.00006Å) as compared with that of the TRISO sample of 4.35835Å (SD 0.00006Å) after adjusting the sample displacement to get alumina lattice constants as close to the accepted values. Residual stress of ~300MPa is calculated from the lattice constant differences.
Introduction
Tri-structural isotropic (TRISO) coated nuclear fuel particles consist of a micro-spherical kernel of uranium oxide or oxycarbide fuel and coating layers. These consist of a porous pyrolytic carbon (PyC) layer, the inner PyC (IPyC) carbon layer, a silicon carbide (SiC) layer, and an outer PyC (OPyC) carbon layer. The function of the coating layers is to retain fission products within the particle [1] . Figure 1 illustrates these layers schematically. The low density porous PyC coating layer is called the buffer layer (about 50% void) and attenuates fission recoils and provides void volume for gaseous fission products as well as carbon monoxide. It also accommodates kernel swelling without transmitting forces to the outer coatings. The high density, isotropic IPyC coating layer contains the fission products and carbon monoxide during irradiation, protects the kernel from reactions with chlorine during SiC deposition and provides structural support for the SiC layer. The SiC coating layer provides the mechanical strength to withstand stresses from internal gas pressure build up and other sources. Secondly, it acts as a barrier to high pressure diffusion of gaseous and metallic fission products generated in the kernel/buffer region, which can diffuse through the IPyC layer. The function of the high density OPyC layer is to protect the SiC during the remainder of the fabrication process and to provide structural stability to the SiC coating during irradiation [1] [2] . All the layers are deposited using a chemical vapour deposition (CVD) technique. SiC has a very high thermal stability. It is not possible to melt it at atmospheric pressure as it sublimes and dissociates into C and Si-rich vapour [4] . The thermal expansion behaviour of SiC has been studied with x-ray diffraction [5] [6] [7] [8] [9] , interferometry [10] and dilatometry [11] [12] , as is summarized in Table 1 The present study was undertaken to establish whether differences exist between the thermal expansion behaviour of SiC in untreated as-manufactured TRISO coated particles and samples prepared by different methods, as reported in the literature. More specifically, residual stress in TRISO particles has been reported by Niihara [13] as well as by Lu and Leu [14] . This residual stress should be manifested as a change in the SiC lattice constant.
Samples
The following samples were analysed by high temperature X-ray diffraction. They are given in Table 2 , together with the heating element and the temperature ranges used in the experiments. All samples consist of CVD prepared SiC. Sample CR14-UP was prepared in the UP CVD coating unit, whereas the others were obtained from the PBMR company. Part of sample CR14 was crushed and its SiC shells separated from the rest of the constituents. This was then ground together with the alumina internal standard and used as a reference material since the residual stress should be relieved by the crushing and grinding action. Sample CR 14-UP was prepared in a spouted bed coater that was designed and built at the University of Pretoria. The deposition temperature was 1550°C. The MTS percentage was set at 1.5%, with an actual value of 1.64%. The hydrogen flow rate was set at 12.5 liters/minute, while the actual flow was 12.1 liters/minute.
Experimental Methods
The XRD patterns of all samples were obtained using a PANalytical X'Pert Pro powder diffractometer with CoK α radiation (λ = 1.78901Å), fitted with an Anton Paar HTTK 1600 XRD furnace. The heating programme was integrated with the XRD measurements by the diffractometer measurement programme. No monochromator was used. The generator settings used are 35 kV and 50 mA. The analyses were performed across an angular range (2θ) of 5 o to 120 o , using a step width of 0.033 o and a counting time of 11.9 seconds/step. The as-manufactured TRISO particles were deposited on a heating strip or ALN sample holder by Al 2 O 3 cement (ground using mortar and pestle mixed with ethanol). Samples CR14-UP, PO4 and PO9 were analyzed with a graphite heating strip with 99.99% pure nitrogen. Sample G102 was analyzed using a molybdenum heating strip with helium as the inert gas. The displacement of the particles from the instrument focus position of samples 1 and 2 (CR14-UP) was purposely adjusted to approach the room temperature unit cell dimensions of alumina as close as possible to literature values. For the other samples, the initial displacement was less accurately adjusted, Starting from room temperature (25°C), the temperature increments were variable for the different samples, but usually in steps of 100°. Upon cooling, the steps were also variable, and in some samples, cooling from 1100°C to 25°C was done in a single step. Each sample was held at the desired temperature for 5 minutes before XRD analysis commenced. The Rietveld method using the TOPAS [15] software package was used to refine the lattice parameters by updating each next step with the parameters determined in the previous step. A sample displacement correction was done for each determination to correct for the effect of thermal expansion of the heating strips at higher temperatures.
Results and discussion
The results quoted are the result of the use of Rietveld analysis of SiC admixed with alumina as internal standard to eliminate the effects of sample displacement and other systematic errors that could affect the determination of accurate lattice constants of SiC at various temperatures. Rietveld analysis, which uses the entire diffraction pattern, provides lattice parameters of high accuracy, and should in principle give accurate linear expansion coefficients. The analysis of Al 2 O 3 is important because it provides an internal standard for correcting the sample temperatures, since they differ from the instrument set point temperatures due to thermal gradients in the sample holders and due to heat losses in the instrument. The a-axis and c-axis measurements of Al 2 O 3 therefore provide an independent measure for calibrating sample temperatures, and as a consequence, also the a-lattice parameters of SiC. were refined. The curve for the SiC component is shown, and the difference curve is also indicated. Figure 3 shows the a-lattice parameters of Al 2 O 3 with temperature in the first 3 samples as compared to the values calculated from the polynomial given by Touloukian [16] . From a correspondence at room temperature, the lattice parameters deviate increasingly at higher temperatures mainly because of increased heat losses and poor heat conduction from the heating strip to the sample via the sample holder in samples 1 and 2. With sample G102, poor thermo couple adhesion to the molybdenum heating strip became apparent at the high temperature. Using the calculated unit cell values of alumina, the temperatures will be recalculated and the calibrated temperatures will be used for the calculation of the SiC lattice constants. Figure 3 . Variation of the a-lattice parameter of alumina at increasing temperatures in comparison to the values calculated using the polynomial by Touloukian [16] . T T T c
The results of the first three samples are given separately as their results are more consistent and considered to be more accurate than the last two, which will be also be included because of their higher temperature range.
The lattice constant expansion of SiC with temperature for samples 1 to 3 is given in Figure  4 . The curves were constructed after separate temperature correction with both the a-axis and c-axis data of alumina and also include both heating and cooling data. Apparent is the consistency of the data and the correspondence of the curves of samples 2 and 3. Also apparent is the difference in the corrected room temperature SiC lattice constants between the separated, ground up shell material and the TRISO particles of the same sample batch. The lattice constant expansion of SiC with temperature for samples 4 and 5 is given in Figure  5 . With these two samples there is a significant difference between the temperatures as determined by the alumina a-axis and c-axis dimensions. This is reflected in the figure, and the best fits between the data for the two samples are shown. The reasons for the poor correspondence is probably due to insufficient sample on the heating strips, giving poor peak intensities, as well as a course particle size of the alumina due to insufficient grinding. These factors affect the peak profiles, and therefore the lattice constants of alumina. Significant differences in the sample temperature as calculated from the refined a-axis and c-axis data of alumina are the result. The quality of the data is also reflected in the higher correlation constants. Figure 5 . Temperature corrected SiC lattice constants for samples PO4 (diamonds) and PO9 (squares), both of TRISO particles. These are compared with the data of Li and Bradt [5] .
The corrected thermal expansion data for the CR14 samples are fitted to 3 rd order polynomials and are given as follows: Sample PO4 TRISO particles: 
Thermal expansion coefficient results
The corrected SiC unit cell dimensions were recalculated based on the temperature corrected curve for each sample. The temperature range used is chosen to be the same as the original experimental increments (i.e. 25°C up to 1200°C). These values were then used to calculate the linear thermal expansion coefficients of SiC according to equation 8 below, assuming one-dimensional length change with temperature. The thermal expansion coefficient was calculated using the derivatives of figure 5 .
with L and L 0 the SiC lattice parameter values at temperature and at room temperature respectively. Each point of the thermal expansion coefficients is therefore the derivative of the best fit curve of the a-axis and c-axis Al 2 O 3 corrected SiC thermal expansion curves. The thermal expansion coefficients for the first three samples are shown in Figure 6 . These are deemed to the most accurate because of the consistency of the data, which includes both heating and cooling data, as well as the a-axis and c-axis temperature corrections which should not differ appreciably. Figure 6 Linear thermal expansion coefficients of samples CR14-UP shells, CR14-UP TRISO, G102, PO4 and PO9 as compared to those of Li and Bradt [5] and Pojur et al. [10] .
The linear expansion coefficients of sample CR14-UP shells follow a strictly linear trend over the whole temperature range in spite of the fact that it is the derivative of a 3 rd order polynomial. The coefficients can be described as a function of temperature (°C): (10) The coefficients of sample G102 are very close to those of sample CR14 up to 800°C but diverge sharply at higher temperatures. The reason for this is not apparent, since the temperature corrections derived from the alumina a-and c-axes correspond to within 6 -15°C. This could be due to residual stress affects the thermal expansion in that annealing is commencing already at 800°C, resulting in an increased lattice parameter at higher temperatures. The coefficients are best described by a 3 rd order polynomial: (13) PO 9 underestimates the thermal expansion coefficient at low temperatures, but is comparable to previously published data at higher temperatures. Sample PO4 deviated significantly from all other curves and the shape becomes almost parabolic. It does initially resemble the result of Pojur et al. [10] from room temperature but overestimates subsequently. The reason for the deviation is thought to be related to the assumptions made when calculating the linear thermal expansion coefficient. Firstly, the relationship of equation 8 holds provided conditions of constant pressure exist. Inside a TRISO particle this is unlikely to be the case since it acts as a miniature pressure vessel. Sample PO4 had half the SiC thickness of PO9 and this is thought to play a role. Secondly, it is known that these particular samples contained small amounts of other polytypes (mainly 6H) in addition to the 3C polytype as has been reported in a previous study [17] . It is however known that the thermal expansivity of SiC is significantly dependent on its crystal structure. The hexagonal SiC crystal exhibits anisotropic behaviour in thermal expansion between the a-axis and c-axis [18, 19] . This accounts for the deviations observed.
The lattice constant expansion curve for the ground, disaggregated shells of sample CR14 TRISO coated particles follow a different thermal expansion curve than that of the TRISO particles themselves. In addition, the room temperature lattice constants of the two differ appreciably. Assuming that this is a real effect and that diffraction of the alumina standard and the SiC TRISO particles originated from the same sample position, then the SiC in the TRISO particles must be under compressive stress. This can be calculated from the uniaxial strain of 0.046% using the Elastic constants of SiC. The residual compressive stress is determined as 304 KPa. This is in qualitative agreement with the findings of a Raman study of CVD deposited SiC by Lu and Leu [14] who also established that the SiC is under compressive residual stress. This needs to be investigated further using well characterised samples.
Summary
As can be seen from Figure 3 , the data for the thermal expansion of the SiC of the CR14-UP disaggregated shells, CR14-UP TRISO particles and G102 are reliable in that derived temperatures correspond closely both for heating and cooling data. Also, the temperatures derived from the alumina a-and c-cell constants differ only by 18, 30 and 13°C respectively. These are also reflected in the correlation coefficients. For samples PO4 and PO9 the data are considered to be less reliable because the derived temperatures (room temperature) from the alumina a and c cell constants differ by 100°C and 72°C respectively for the two samples. With regard to the thermal expansion of the SiC, the following can be summarised: The disaggregated shells from the CR14-UP TRISO coated particles follow a different trend than those of the TRISO coated particles themselves and their expansion coefficient follows a strictly linear trend over the measured temperature range. This linear expansion coefficient is given by the formula: 
